INTRODUCTION
The properties of carbon materials as adsorbents, catalysts, and catalyst supports depend on the textural characteristics and on the chemical surface functionalities. The former are described by the surface area and porosity, and the latter mainly consist of the surface oxygen containing chemical groups, which can be acidic, basic, or neutral (1) . The nature of the chemical surface groups is currently determined by Fourier-transformed infrared spectroscopy (FTIR, DRIFT) and X-ray photoelectron spectroscopy (XPS). The quantitative determination of them can also be carried out by selective titrations in aqueous solutions at room temperature following the method proposed by Boehm (2, 3) . The results obtained by selective titrations can be contrasted by other experimental methods. Among them, thermogravimetry (TG), thermal programmed desorption (TPD), and, very frequently, calorimetric measurements are used (4) (5) (6) (7) (8) (9) (10) (11) . These techniques use several probes, namely ammonia, pyridine, 2,6-dimethyl pyridine, or isopropyl amine, to determine the acidic groups. Ammonia is a very convenient probe for characterizing the acidic chemical surface groups of carbon materials because its basic character and its small size. The former permits the titratrion of a wide range of acidic groups because of its Brønsted and Lewis basic character. The latter allows the diffusion of ammonia into small micropores containing chemical groups. The other basic molecular probes are larger than NH 3 . Therefore, it is more difficult for them to reach the small micropores, which means that that the acid chemical groups may be partially titrated.
The aim of this paper is to characterize the chemical surface groups of several carbon materials by different experimental methods and to contrast the results of these measurements. For this purpose, FTIR has been used for a qualitative analysis and the quantitative evaluation has been carried out by titrations in aqueous solutions (Boehm's method), thermal programmed desorption connected to mass spectrometry (TPD-MS), and ammonia adsorption measured by TG.
EXPERIMENTAL
Carbon materials of different origins and characteristics were used: C0 and C20, obtained from almond shells, and a commercial activated carbon GAe, which was used as starting material for the preparation of three activated carbons. C0 is a char obtained by pyrolisis at 1223 K in N 2 flow, and C20 was prepared by activation of C0 with CO 2 at 1223 K. The commercial activated carbon GAe was demineralized and this was the starting material for the preparation of three new oxidized activated carbons: GAe-ox1, GAe-ox2, and GAe-1%O 2 P. GAe samples appended −ox1 and −ox2 were prepared by treatments in aqueous solution of (NH 4 ) 2 S 2 O 8 and H 2 O 2 , respectively, and further pyrolisis at 773 K in N 2 flow. The sample appended −1%O 2 P was obtained by treatment of GAe with oxygen plasma. Further details of the preparation methods are given elsewhere (12) .
The textural characteristics of the samples were determined by N 2 and CO 2 adsorption at 77 and 273 K, respectively, which determines the surface areas accessible to both molecules. In addition, the CO 2 adsorption data have been used to determine the mean value of the micropore size distribution, L 0 , using the Dubinin-Stoeckli equation (12) :
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In this equation W is the micropore volume of those pores with a value of L in width and W 0 is the total micropore volume. L 0 is the mean value of the micropore size distribution, i.e., the width at the maximum of the micropore distribution curve, supposedly a Gaussian of half-width . It is necessary to know the value of W 0 and to obtain L 0 . The former is obtained from the wellknown Dubinin-Astakhov equation which is also used to determine the n parameter which permits the calculation of (12) .
Wafers of KBr containing about 0.5% of sample were used to obtain the transmission FTIR spectra in the range 400-4000 cm −1 . They were dried at 398 K overnight before the spectra were recorded. The titrations in aqueous solution of the chemical surface groups were carried out following the method proposed by Boehm (2, 3) . This method uses bases of different strength to titrate acidic groups so that carboxylic groups are titrated with NaHCO 3 , the difference between the groups titrated with Na 2 CO 3 and NaHCO 3 is considered to be lactones, and the difference between those titrated with NaOH and Na 2 CO 3 is attributed to phenols. The amount of basic groups is titrated using HCl solutions.
The evolution of the chemical surface groups with the temperature was followed by TPD-MS. Around 0.10 g of sample was used for this purpose. They were placed into a quartz cell and conditioned at 398 K in He flow. Then the temperature was increased to 1273 K in He flow (60 cm 3 /min) at a heating rate of 20 K/min. The evolved amounts of CO 2 , CO, and H 2 O were monitored as a function of the temperature by a mass spectrometer.
The ammonia adsorption-desorption process was studied using a (TG) system. The sample (around 50 mg) was heated in N 2 flow (75 cm 3 /min) up to 573 K and it was kept at this temperature until no weight loss was detected. Then it was cooled down in N 2 flow at room temperature, and after that the temperature was risen up to 323 K. Once this temperature was reached, a N 2 + NH 3 mixture containing 25% in NH 3 was flowed to allow the ammonia adsorption-desorption equilibrium to be reached, which was considered when no weight increase was detected. The mixture was changed by the N 2 flow (75 cm 3 /min) to permit ammonia desorption, keeping the temperature at 323 K. When no weight loss was detected the temperature was increased at 5 K/min up to 573 K and the weight loss was monitored.
RESULTS AND DISCUSSION
Some of the textural and FTIR data have been already reported (12) , although they are included in this paper to help the discussion. The textural characteristics in Table 1 show that the samples of GAe series have larger values of surface areas and micropore volumes than samples of C series. Moreover, the mean micropore sizes of GAe-series samples are also larger than those of C series, which means that the former have more open micropore networks. In addition, the differences in surface areas measured by CO 2 and N 2 (S CO 2 > S N 2 ) suggest that there are micropore constrictions (12, 13) hindering the N 2 adsorption. The differences are larger, in percentage, in C series than in GAe series, which means that the constrictions are more important in the micropore structures of the former. There are also differences in the chemical surface groups of both series as it can be deduced from the bands of the FTIR spectra ( Fig. 1 ). The intensity of the bands of C0 and C20 is clearly lower than those of the selected samples of GAe series, which suggests that the amounts of chemical surface groups in samples of C series are smaller than those of GAe series. The summary of the main bands and the assignments (Table 2) , which are based on the literature (14-17), points to a large variety of chemical surface groups.
The results of the chemical surface groups titrations are collected in Table 3 . Phenol groups are most abundant in sample GAe and they have been increased in samples GAe-ox1 and GAe-ox2 as a consequence of the oxidation treatments with (NH 4 ) 2 S 2 O 8 and H 2 O 2 , respectively. Moreover, lactonic groups have also been increased by the oxidation treatments but the amounts of carboxylic groups are only a bit larger than in sample GAe. This can be a consequence of the pyrolisis at 773 K after the oxidation treatments which partially eliminates the carboxylic groups. It also may be due to the partial condensation of caboxyls and phenols which produces lactonic groups during the oxidation treatments (18) . series have very small amounts of acidic groups, in agreement with the low intensity of the FTIR bands in Fig. 1 , and basic groups are the only relevant, which is related to the preparation method (19, 20) . The TPD profiles of GAe and C series are collected in Figs. 2 and 3, respectively. The discussion of the profiles is based on the literature (21) (22) (23) (24) (25) . The CO 2 profile of sample GAe has a maximum at 550 K and a shoulder near 700 K. The former may be produced by carboxylic groups and the latter by anhydrides and lactonic groups, or more likely by structurally stabilized carboxylic groups (18, 26) . The profiles of samples GAe-ox1 and GAe-ox2 also have a maximum at 550 K but it is clearly smaller than this of GAe. Moreover the profiles of both samples have a maximum at 1000 K (not present in the profile of sample GAe), which is probably produced by the desorption of anhydrides and lactonic groups. The CO 2 desorption profile of sample GAe-1%O 2 P is similar to that of GAe. The total amounts of CO 2 evolved, which have been determined from the TPD profiles, are collected in Table 4 .
The TPD results ( Fig. 2a and Table 4 ) and the data in Table 3 of samples GAe, GAe-ox1, and GAe-ox2 seem to be contradictory because:
(i) the CO 2 desorption peak at 550 K of samples GAeox1 and GAe-ox2 is smaller than this of the sample GAe although the former have larger amounts of carboxylic groups; (ii) the total amounts of CO 2 evolved from GAe-ox1 and GAe-ox2 are smaller than this evolved from GAe (Table 4) but the amounts of carboxyls and lactones (Table 3) are larger in the former. The first contradiction can be attributed to the pyrolisis in N 2 flow of samples GAe-ox1 and GAe-ox2 at 773 K after the oxidation treatments (see Experimental). Nevertheless, the GAe sample was not pyrolized at this temperature and then it maintains the carboxylic groups which evolve as CO 2 at relatively low temperature. The second contradiction can be explained considering two aspects. The first one is that the titration of chemical groups of sample GAe has been partially hindered because of its narrow microporosity, as this sample has the smallest value of L o ( Table 1) . The second one is that samples GAe-ox1 and GAeox2 have a high concentration of anhydride which evolve as CO 2 and CO at high temperatures (Figs. 2a and 2c) . Nevertheless, the anhydride can be hydrolyzed in aqueous solution rendering two carboxylic groups which will result in an overestimation of the acidic groups in relation to that expected in base of TPD experiments.
The CO 2 desorption profile of GAe-1%O 2 P is similar to this of GAe although the total amount of CO 2 evolved from the former (514 µmol/g, Table 4 ) is larger than that from the latter (405 µmol/g). Nevertheless the amounts of carboxylic and lactonic groups (Table 3) are much larger for GAe-1%O 2 P than for GAe, which support that the titration of the chemical groups in GAe is only partial because of its narrow microporosity. The sample GAe-1%O 2 P is less affected by the partial titration because the plasma treatment affects only the external surface (12, 17) . Moreover, it is known that one of the most important effect of plasma treatments is to increase the surface energy, in such a way that the surfaces are easily wetted (27) , which facilitates the complete titration of the chemical groups in sample GAe-1%O 2 P.
The maximum at 550 K for samples GAe and GAe-1%O 2 P is coincident with others at the same temperature in the H 2 O desorption profile (Fig. 2b) , which suggests the condensation of carboxylic and phenolic groups producing CO 2 and H 2 O. This means that an important amount of phenolic and carboxylic groups can condense during the TPD experiments because the relatively low stability due to the high concentration on the surface. It is known that the higher the concentration of the chemical groups the lower their stability (18) .
The CO desorption profiles (Fig. 2c) have a maximum at 1100 K for all the samples and these of GAe-ox1 and GAeox2 also have a shoulder near this (∼975 K) which coincides with other maximum in the CO 2 desorption profile (Fig. 2a) . This could suggest the existence of anhydride groups (22) , although it also can be attributed to phenols, ethers, carbonyls, or quinones (24) . The total amount of CO desorbed from samples GAe-ox1 and GAe-ox2 (Table 4) is much larger than these from the other samples, which is in agreement with the high amount of phenolic groups of these samples determined by selective titrations (Table 3) . Nevertheless, the sample GAe-1%O 2 P has the largest amount of phenolic groups but the CO desorption profile is similar to that of GAe, which has the lowest content on phenolic groups. This behavior has been explained above on the one hand as a result of the restrictions in GAe which partially hinder the titration of the chemical groups, an on the other because the plasma treatment affects only the external surface of sample GAe-1%O 2 P.
The TPD profiles of samples C0 and C20 are collected in Fig. 3 . The amounts of CO 2 and CO evolved are much lower than in GAe-series samples, in agreement with the negligible amounts of acidic groups found in these samples (Table 3) . Nevertheless, the data in Table 3 show that samples C0 and C20 have important amounts of basic groups, which have been described as chromene, γ -pyrone, or quinones structures (3) . If these basic structures were present in C0 and C20, it should be expected that the TPD profiles show larger amounts, particularly of CO (28) . Therefore, it can be concluded that the basic character of samples C0 and C20 is mainly due to π electrons on graphytic planes which can produce donor-acceptor interactions (3, (29) (30) (31) (32) .
The comparison of the results of the surface chemical groups obtained by selective titrations and by the TPD experiments is depicted in Fig. 4 . This shows two different plots: (i) the total oxygen compounds (CO 2 and CO) desorbed in TPD vs the total acidity (i.e., carboxylic, lactonic, and phenolic) and (ii) the CO 2 desorbed vs the total acidity. No clear relationship exists between the total oxygen desorbed compounds (CO 2 + CO) and the total acidity because not all the oxygen functionalities are acidic. However, there is a linear relationship between the amount of CO 2 evolved and the total acidity determined by titrations, which means that the chemical surface groups which evolve as CO 2 are responsible for the acidic character of these samples (26) . It is necessary to take into account that the amounts of phenol groups are included in the values of the total acidity in Fig. 4 , which suggests that most of the titrated phenol groups evolve in TPD experiments as CO 2 . This is in agreement with the above statement of the condensation between carboxylic and phenolic groups in TPD experiments. Moreover, this supports that the titration of the chemical groups is only partial; otherwise it would GAe  2371  583  211  GAe-ox1  2614  755  335  GAe-ox2  2429  662  285  GAe-1%O 2 P  2537  605  251  C0  1870  281  59  C20  2890  438  98 be difficult to explain the amounts of CO which appear in the TPD profiles of Figure 2c . The results of the ammonia adsorption are collected in Table 5 . The values of the total adsorption at 323 K are collected in the second column of this table. It has been described in the experimental section that once the adsorption equilibrium at 323 K was reached N 2 was flowed at the same temperature to allow ammonia desorption. The initial weight was not reached under this condition which means that not all the ammonia adsorbed at 323 K can be desorbed at the same temperature; i.e., there is an amount of ammonia (from now on denoted IA), which is "irreversibly" adsorbed at 323 K. The IA values at 323 K are collected in Table 5 , which also contains the values of the IA at a temperature as high as 573 K. Therefore, the ammonia adsorption at 323 K consists of two components: reversible (RA) and irreversible (IA) adsorption. The plot of the saturation values at 323 K versus the micropore volumes (Fig. 5a ) shows a moderate increase in the adsorption with W o . The difference between the saturation values and IA at 323 K (second and third columns of Table 5 ) is the amount of ammonia which has been desorbed after N 2 was flowed: i.e., it is the RA. Most of the adsorbed amount is reversible in all cases, in such a way that the RA values are larger than 75% of the total adsorption. RA should be related to the textural characteristics of the samples as it can be considered a physical process produced in micropores. The plot (Fig. 5b) of RA versus the mean micropore size, L o (Table 1) , shows almost no variation of RA as L o increases. This is because the ammonia molecular size (0.36 nm) is much smaller than the mean pore size of the samples and therefore an increase in the pore dimension (larger than 0.98 nm) scarcely influences the reversible adsorbed amount.
Significant amounts of IA appear at a temperature as high as 573 K. This is larger than 36% of the total IA in samples of GAe series, and it represents around 21% in samples C0 and C20. Similar IA at different temperatures and under dynamic conditions has been reported not only for ammonia adsorption but also for other polar molecules on zeolites (9, (33) (34) (35) . The data in literature usually relate IA to acidic chemical surface groups (33) (34) (35) . This is supported by the data of samples GAeox1 and GAe-ox2 for which an increase in IA with respect to GAe is observed (Table 5 ). This increase is produced because the amount of acidic groups in these samples (Tables 3 and  4) is larger than in sample GAe. For the same reason, an increase even larger in IA for sample GAe-1%O 2 P should be expected (Tables 3 and 4) . However, the values of IA for GAe and GAe-1%O 2 P are very close. To explain this fact it is necessary to take into account that, before the ammonia adsorption, the samples were preconditioned at 573 K. The TPD profiles (Fig. 2) of GAe and GAe-1%O 2 P at temperatures higher than this are very similar (i.e., the amounts and nature of the remaining chemical surface groups after the treatment at 573 K are very similar) which support the close values of IA for the two samples. Therefore, it seems that IA is related to chemical surface groups, although this statement is not so evident if the data of C0 and C20 in Table 5 are considered because they suggest that ammonia is also irreversibly adsorbed on both samples in spite of their negligible amounts of acidic chemical surface groups (Table 3 ). This behavior can be explained by two different hypotheses:
(i) The IA is produced in both chemical surface groups and small micropores.
(ii) The titration in aqueous solution of the acidic chemical surface groups is only partial.
The first hypothesis which suggest that IA is partially produced in micropores is supported by reported data (35, 36) for several adsorbate-adsorbent systems at high temperatures. It occurs when the adsorption is produced in pores of dimension very close to the molecular size, in such a way that the heat of adsorption is much larger (two or threefold) than that expected for the adsorption produced on a flat surface. Morevoer, the desorption from these pores is frequently hindered if there are constrictions in the micropore network as in the case of samples C0 and C20. The existence of constrictions in these samples has been stated because of the differences between the N 2 and CO 2 surface areas (S CO 2 > S N 2 , Table 1 ) (13) .
The second hypothesis means that samples C0 and C20 have acidic chemical groups which have not been titrated due to the narrow microporosity (Table 1) . These restrictions arise from constrictions which hinder the access of the alkali to the chemical groups (19) . However, this second hypothesis seems to be less plausible in this case because TPD profiles in Fig. 3 reveal the negligible amounts of acidic chemical groups in the two samples. Therefore the first hypothesis suggesting that IA can be produced in chemical surface groups and in small micropores of dimension close to the molecular size seems to be plausible. This is also supported by the plots in Figs. 6a and 6b . The first one shows a poor lineal relationship (regression coefficient 0.6909) between IA and the amount of acidic groups, which strongly suggests that there is also a textural factor influencing IA. This can be seen in Fig. 6b , which shows a good fit (regression coefficient 0.9305) between IA and the mean micropore size, L o . This plot clearly correlates both parameters in terms of the accessibility of ammonia to the adsorption sites: chemical groups or micropores of dimension close to molecular size. The extrapolation of the straight line of Fig. 6b to IA = 0 renders a value of L o = 0.38 nm, which is very close to the ammonia molecular dimension (0.36 nm) which suggests that this dimension is the smallest to allow the ammonia adsorption.
CONCLUSIONS
This paper points out the contradictions in the evaluation of chemical surface groups of carbon materials by different experimental methods which have to be considered. These arise from different reasons depending on the technique. Among them, chemical transformations (mainly condensations) may occur during TPD measurements rendering unexpected amounts of CO and CO 2 . In relation to chemical titration, it is noticeable that the basic character of the carbon surfaces may be produced by π electrons on graphytic planes. Two different factors, constrictions in microporosity, which can hinder the access of the titration probe, and hydrolysis of the chemical groups, may result in misestimated values of the total surface chemical groups. The ammonia adsorption can also lead to unexpected results as it is a mixed process produced on chemical surface groups and in pores.
